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Abstract

Acid–base and metal-based potentiometric titration methods were used to analyze sorption mechanisms of lead byRhizopus arrhizus
fungal biomass. Biosorption was not considered globally but as the result of successive sorption reactions on various binding
different selectivities. Precipitation occurred rapidly when lead concentration increased. Lead was sorbed essentially by carboxy
and by phosphates and sulfonates (less abundant) of the organic matter. The lead affinity to carboxylic, sulfonate and phosphate b
depended on the association coefficient with proton or counter-ion and on the spatial distribution of the surface sites promoting the
of mono- or bi-dentate complexes. Chemical bonds and binding sites were confirmed using microscopic and spectroscopic tech
MET-EDAX). It appeared that although the total organic acidity was reached, number of ionized and free carboxylic groups were no
in lead sorption reactions. In spite of lead speciation in the solution, surface micro-precipitation was observed and the two process
adsorption and micro-precipitation, are sequential and possibly overlapping. At low concentrations (<10−6 M) adsorption is the dominan
phenomenon and beyond (>10−5 M) surface clusters appeared before the predicted solution precipitation phenomenon.
 2005 Published by Elsevier Inc.
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1. Introduction

The influential role of non-living micro-organisms in co
trolling the mobility and bioavailability of metal ions i
aqueous environmental systems is well known and has
extensively studied[1–3]. Biosorption could occur throug
interactions between metal ions and functional groups o
cell wall biopolymers of dead organisms[4,5].

Chemical mechanisms and ion-binding behavior resp
sible for biosorption of metal ions by different fungal bi
mass types remains difficult to describe and model bec
of their chemical and structural heterogeneity[6]. It has been
suggested that specific functional groups are involved in
biomass binding process of heavy metals[7–10].
U
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The present work aimed at studying heterogeneous
ganic matter (fungus) by quantifying the cell wall function
acidic groups and describing their reactivity. The knowled
of this functional chemical distribution was then employ
to explain the most probable mechanism of lead immobil
tion on the cell wall and to characterize the functional gro
of the biomass involved in lead biosorption byRhizopus ar-
rhizus biomass.

The diversity of the functional groups in biomateria
and the polyelectrolytic nature of their organic constitue
have suggested that the acid–base and metal-based pot
metric titration methods, previously used to study the
mation of soluble organo-metallic complexes[11–13], can
help to (1) estimate the total organic acidity of biomateria
(2) identify the acid ionizable functional groups or bindi
108
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sites which can play the role of ligands in the presence of
protons or lead, and (3) describe the chemical heterogenic
reactivity of heterogeneous microbial biomass[14–16].

http://www.elsevier.com/locate/jcis
mailto:boya.volesky@mcgill.ca
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The acid–base titration has been developed using pr
or hydroxyl as an indicator capable of describing the ene
distribution of active sites and defining the optimal cap
ity of sorption at a certain pH as opposed to general ove
capacity. The use of another cation-indicator such as l
heavier and characterized by a lower diffusion coeffici
[17,18], permitted to describe the sorption reaction from
other point of view. In order to conduct the lead-titrati
experiments, an original potentiometric titrator has been
veloped enabling the analysis of the proton/metal comp
tions that, in turn, leads to explanation and distinguishin
the mechanisms involved in the lead sorption by fungal b
mass. This titrator has various requirements: multi-chan
ionometric acquisition (pH and [Pb]), rate, frequency a
equilibrium conditions control depending on the chemi
reactivity of the heterogeneous solid studied.

2. Materials and methods

2.1. High resolution titrations

All high-resolution titration experiments (acid–base
metal-based) were conducted in aV ml, jacketed glass ves
sel (Wheaton, 100 or 500 ml, respectively) sealed by a
fitted with (four or five, respectively) ports for a titrant inje
tion, a N2 line, a pH electrode and a temperature probe,
spectively. An ion selective electrode (lead-ISE) was nee
during a metal-based potentiometric titration. The ves
temperature was maintained at 25◦C by recirculation of
thermostated water from a bath through the vessel jack
control the possible temperature effect on the reaction t
modynamics and kinetics. The headspace was purged
N2 at low pressure during titrations to remove CO2 and limit
its dissolution in the electrolyte and the carbonates for
tion resulting in the solution pH changes.

2.1.1. Acid–base titrations
Titrant aliquots of a specified volume were inject

through a polypropylene line by an automatic and accu
burette (ABU901 Radiometer). The solution in the ves
was agitated by a magnetic stirrer (500 rpm) until pH beca
stable after each titrant aliquot injection. All experime
were carried out with 0.1 M NaClO4 solution as the back
ground electrolyte. pH was measured using a Ross comb
electrode (Ross 8102) and a pH meter (PHM250 Radio
ter) after its calibration to IUPAC standards. The inner K
electrode solution was replaced by a saturated NaCl s
tion to avoid KClO4 precipitation in the electrode liqui
junction. For basic titrations, the titrant used was 0.026
NaOH solution with a low content of carbonates. Bef
each biomass titration, a calibration was performed with

background electrolyte previously acidified to pH 2.3 with
0.056 N HClO4, then aliquots of NaOH were added until
pH 10.5 is reached.
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2.1.2. Metal-based titrations
Titrant aliquots of a specified volume (down to 1 µl±

0.18%) of 0.001 M Pb(NO3)2 solution, at pH 5 and of the
same ionic strength as the solution in the vessel, were
jected through a polypropylene line by an automatic
accurate burette (ABU901 Radiometer) controlled by a
croprocessor. The solution in the vessel was agitated
magnetic stirrer (500 rpm) until pH andE(Pb) became sta
ble after each titrant aliquot injection. All experiments we
carried out at pH 5 with 5 mg samples ofR. arrhizus biomass
suspended in 300 ml of NaNO3 as the background elec
trolyte to maintain an ionic strength of 0.01 M. The selec
weight depended on the value of the total organic acidit
the biomass.

pH andE(Pb) were measured using a precise (±0.1 mV)
dual-function ionometer (PHM250 Radiometer) linked
(1) a Ross combined electrode (Ross 8102, NaCl satur
after its calibration with IUPAC standards and to (2) an
selective electrode (ISE 25 Pb-9, Orion, Radiometer).
rectly before each sorbent titration, a calibration was p
formed with the background electrolyte using the same
cedure as for the titrations of solids, to assure the re
ducibility of the electrode signal. The maximum accepta
percentage error of the calibration curves slope was 5%.
ing an appropriate method, fully discussed in Naja et al.[19],
an identical initial electrochemical potential point (−405±
5 mV) was obtained, no matter what solid sorbent was
amined. The optimized experimental conditions, require
obtain accurate and repeatable results when using a sp
ISE, are given in Naja et al.[19]. The accuracy and repeat
bility of the results after and during the metal-based titrati
were verified using the ICP-AES.

The newly developed automated high resolution titrat
control system permitted to change and specify the opera
parameters during titrations such as the volume, rate and
quency of injections, and the stability factor considering
complex nature of each solid to be titrated. The waiting t
between any two volume additions was adjusted by the
and depended on the transitional signal (electrochemica
tential fluctuations versus time between each two volu
added in order to reach equilibrium) and on the equilibri
condition (dE/dt variations less than 0.2 mV/10 min) by
adjusting the number of consecutive constant points wi
desired precision. The chosen electrochemical potentia
bility criterion should take into account the stability of t
electrical apparatus and of the electrode signal during
control titration.

The sorbent matter used to study lead biosorption
Rhizopus arrhizus fungus (DSM 905) cultivated in a liq
uid medium[20] at 24◦C in the dark. After 5–6 days o
growth, fungal biomass was collected by filtration, grou
111

112

washed several times with distilled water to eliminate cul-
ture medium residues, lyophilized and stored under vacuum.
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2.2. Solution analyses

All chemicals used were of analytical reagent grade.
water used was ultra purified.

After and during the metal-based titration experimen
the solutions were analyzed by (1) ICP-AES (Inductiv
Coupled Plasma–Atomic Emission Spectrometry, Jo
Yvon JY 238) to verify the lead content detected by the l
selective electrode and by (2) a CHN Analyzer (1106-Ca
Erba) to make sure of the non-existence of amounts of
solved organic compounds.

The ionic strength of all titration solutions was kept co
stant and measured by a conductivity meter (CDM 80
diometer Conductivity Meter).

2.3. Solid analyses

After lyophilization, organic carbon, hydrogen, nitroge
phosphorus and sulfur contents inRhizopus arrhizus fun-
gal biomass were determined using a CHN analyzer (11
Carlo Erba), a TCM DC analyzer (190 Dohrmann) and IC
AES after an acid digestion (Inductively Coupled Plasm
Atomic Emission Spectrometry, Jobin Yvon JY 238).

The solids after sorption were characterized by Infra
(FTIR) spectrometer and by a High Resolution Scann
Transmission Electron Microscope (Philips CM20/STE
coupled with an energy dispersive X-ray analyzer (EDX
used as an elemental analysis tool, capable of identifying
elements in areas less than 0.5 µm in diameter.

To complete the study of the functional groups before
after sorption, an IR analysis was performed with a Fou
Transform Infrared (FTIR) spectrometer (Brüker Vector 2
Each 1 mg dried sample (24 h P2O5) was mixed with
200 mg of KBr (Spectranal) and pressed under vacuum.
tablet recovered with a clip, was immediately analyzed w
the spectrophotometer in the range of 4000–400 cm−1 with
a resolution of 1 cm−1. The influence of atmospheric wat
and CO2 was always subtracted.

3. Results and discussion

3.1. Rhizopus arrhizus biomass characterizations

The fungal cell wall is characterized by a superpo
tion of chitin layers, proteins and glucans containing imp
tant amounts of carboxylic, phosphate, sulfonate and am
groups.R. arrhizus biomass preliminary analyses are p
sented inTable 1showing organic carbon and nitrogen p
centages of 51.9 and 5.04%, respectively, and impor

Table 1
Amounts of organic carbon, hydrogen, nitrogen, phosphorus and sulfur
tained inRhizopus arrhizus (%)
% Corg % H % N % P % S

Rhizopus arrhizus 51.9 7.8 5.04 1.06 0.83
T
E

D
 P

R
O

O
F

erface Science ••• (••••) •••–••• 3

quantities of sulfur and phosphorus. Sulfonate groups
involved in the sulfated polysaccharides and some am
acids whereas the phosphonates occur in the phospho
groups. These moieties are implicated in important che
ing groups and should be considered in attempts to exp
sorption mechanisms[2,21,22].

The organic functional groups and the correspond
wave numbers were identified in theR. arrhizus biomass
after comparing with other studies addressing infrared s
tra of biomass[23,24] or proteins[25,26]. Infrared spectra
of R. arrhizus biomass (Fig. 1a) showed the presence
amine R–NH2 (amino acids, proteins, glycoproteins, etc
carboxylic acids (fatty acids, lipopolysaccharides, etc.),
fonates and phosphates. The characteristic absorption b
of hydroxyl and amine groups were identified at 3424 a
3276 cm−1, alkyl chains at 2921–2851 cm−1, C=O of the
protonated carboxylic groups or esters groups at 1741 cm−1,
C=O of the carboxylic groups of aminoacids at 1710 cm−1,
C=O of amide groups at 1648 cm−1, COO− of the car-
boxylate groups appeared at 1544 and 1418 cm−1, S=O of
the sulfonates groups and COO− groups of the fatty acid
were revealed at 1300 cm−1. The wave numbers at 1154
1034 cm−1 and 1075 cm−1 were attributed to the P–O–
links of the organic phosphated groups and to the P–O
the (C–PO2−

3 ) moiety, respectively. The wave number
726 cm−1 was attributed to the S–O link of the (C–SO−

3 )
groups.

3.2. Acid–base titration of Rhizopus arrhizus biomass

The potentiometric titration permits quantification of t
acid functions eventually involved in lead biosorption. Su
posing that a heterogeneous surface exhibits its acidities
tinuously as a function of the affinity constant (Ka) [27], the
titration curves can be adjusted using symmetric Gaus
distribution functions and the total organic acidity (ATO) of
a sample could be determined to characterize the organic
material[28]. The high diffusion coefficient of the proton a
lowed its access to all the available sites[29] to differentiate
the organic functional acidities of the fungal biomass us
Because of the progressive acidic dissociation, three a
ity types could be distinguished depending on their appa
ionization constants:

– strong acidities (AS), attributed to the presence of hig
affinity acidities such as phosphoric or sulfonate gro
as well as carboxylic groups linked to aromatic fun
tions at pH< 4;

– weak acidities (AW), attributed to the ionization of ca
boxylic and some proteic groups at 4< pH < 7; and,

– very weak acidities (AVW), attributed to phenolic an
amine groups including the ionization of amino grou
of proteins at pH> 7.
111

112

Determinations of the acidities and their respective pKa
(Table 2) were carried out using the derivative curves
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Fig. 1. Infrared spectra ofRhizopus arrhizus before

Table 2
Types and amounts of acidity (me g−1) and their characteristics (pKa) for
Rhizopus arrhizus. ATO, AS, AW andAVW represent total organic, stron
weak and very weak acidities, respectively

ATO

(me g−1)

AS

(me g−1)

AW AVW

me g−1 pKa1 me g−1 pKa2

Rhizopus
arrhizus

2.54 0.27 0.39 4.4 1.88 8.2

∂2pH/∂V 2, the extrapolation of the Gran’s function[30] and
the Henderson–Hasselbach representation[31]. The detailed
study and the equations used for the quantification of ac
ties as well as for the determination of their affinity consta
are presented in Naja et al.[32]. The method is based o
the application of the Gran’s equations to a heterogene
matter where the surface is regarded as a succession
continuous distribution of acid sites, and the reactions u
during an acid–base titration of a multi-polymeric acid
considered. Once the dissociation coefficientsα of the acidi-
ties were calculated from the progressive acidic dissocia
reactions, the Henderson–Hasselbach equation was us
relate the dissociation site coefficientsα and the pKa value
to the pH.

R. arrhizus biomass had anATO of 2.54 me g−1 (Ta-
ble 2), a high value compared to other biomass types. T
ier et al. [33] used the same titration technique to stu
Pseudomonas aeruginosa and identified a total organic acid
ity value of 1.1 me g−1. The highATO value of theR. ar-
rhizus biomass was due to its higher content of amine gro

as its cell wall is mainly composed of chitin, linear chains of
acetylglucosamine groups, confirmed by a high very weak
acidity valueAVW = 1.88 meg−1.
T
E

D
 P

R
and after (1b) a metal-based potentiometric titration.

a

o

The strong acidity (AS) value of 0.27 me g−1 for R. ar-
rhizus biomass and its weak acidity (AW) value of 0.39 me
g−1 confirmed the elemental analysis: the presence of
fonate, phosphoric and carboxylic moieties. These fu
tional groups could be ionized and thus can possibly
ticipate as active groups in the sorption process[34].

The base titration conducted in the present work sho
that whileR. arrhizus had a total organic acidity of 2.54 m
g−1 (Table 2), at pH 5 theR. arrhizus biomass exhibited
only 1.171 me g−1 (46%) of the total number of acidic activ
sites.

Consequently, during a metal uptake experiment,
amount of sorbed metal should be compared to theATO

expressed at a given pH and not to the total organic a
ity calculated at the experimental titration final pH val
of 10.5.

The acid–base titration provided more information ab
the functional groups and assisted in defining more preci
the number of active sites at a given pH. TheATO value iden-
tified the number of free and available surface sites fo
metallic cation and could be considered as an upper a
rate limit for the sorption performance.

Combining the Gran and the Hendersson–Hasselb
methods, the pKa values of the acidities were determin
and two major acidity classes were distinguished, the
boxylic, identified by pKa1 = 4.4, and the amine with a
pKa2 = 8.2. These pKa values gave a relative idea abo
the nature of organic groups (inductive effect) linked to c
boxylic and amine moieties.

Comparing to the literature[13], the pKa1 value obtained
111

112

in the present work (Table 2) indicated that the carboxylic
acidic groups inR. arrhizus were linked to aliphatic chains
(pKa ∼ 5.2 for a carboxylic moiety linked to an aliphatic
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chain) rather than to aromatic groups (pKa ∼ 2.5 for a car-
boxylic moiety linked to an aromatic group). The ami
ionization constants pKa2 of the proteins or polypeptides fa
between 8.1 and 9.6[35], values corresponding to those o
tained in the present work.

3.3. Metal-based titration of Rhizopus arrhizus biomass

The metal-based potentiometric titration was develo
in order to use lead as a second indicator, heavier, hav
diffusion coefficient several times lower than protons[17,18]
and being more sensitive to the surface site geometry
ternal sphere complexes). The metal/proton equilibrium
the synchronism of their exchange effect allowed study
the reactions between the biomass functional groups,
and protons.

The R. arrhizus biomass was demonstrated to posse
high metal sorption uptake (Fig. 2). Indeed, whenCe (equi-
librium concentration)= 1.775 µmol l−1, lead uptake was
about 0.065 mmol g−1. 11% of the binding sites were su
posed to be involved in the sorption and the amount of
leased protons equaled 0.035 mmol g−1. The saturation o
the total organic acidity ofR. arrhizus biomass was observe
and could be seen inFig. 2 as 100%ATO. This saturation
occurred at pH 5 forQuptakePb2+ = 0.585 mmolg−1. The
values obtained were in accord with values reported in
literature[3] for biomass of other filamentous fungi: 0.58
0.801 and 0.439 mmol Pb g−1 for Penicillium chrysogenum,
Rhizopus nigricans andRhizopus arrhizus, respectively.

The present titration of fungal biomass showed a g
eral progressive decrease of pH (or increase in the qua
of protons released,Fig. 2) and the appearance of seve
slope changes indicated a different behavior of binding s

Fig. 2. Lead sorption and proton released mean curves afterRhizopus ar-
rhizus metal-based potentiometric titration. I, II, II, IV and V designat
the five sorption phases andCe the equilibrium concentration of lead i

solution. More than 100 repeated experimental points were used for the cal-
culations and plotting the figure. The different symbols are used just for
differentiating between the two axes.
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However, a particular phenomenon was observed at the
ginning of the sorption process: an increase of pH was
tected followed by a pH stabilization accompanied by a
lead uptake quantity. This phenomenon could be expla
by supposing the existence of an important quantity of
binding sites negatively charged in the matrix of the b
mass allowing the simultaneous proton and metal sorp
Consequently, there was a competition between the two
ions[36]. The proton is small, weakly charged and thus m
easily sorbed than lead that occurs as a heavy cation and
bly charged.

Some models that take both ion exchange and Don
equilibria into account are available in the literature a
have been used extensively for the interpretation of polye
trolyte titration data[37–39]. While the appropriate adapta
tion of these models for the case of organic matter se
beyond the scope of the present work, the lead sorption
proton-release curves (Fig. 2) could be clearly divided into
five phases depending on the co-relation between lead
take and proton release reflecting the progressive satur
and the reactivity of the sorption sites[40,41]:

– Phase I: the beginning of the sorption process was c
acterized by a lead non-sorption and by a weak pro
sorption. This highly reversible phenomenon is com
rable to the Donnan effect observed with resins[42] cor-
responding to the penetration of charged or not-char
molecules inside pores. It can be explained by the p
ence of free or sodium binding sites and pores in
fungal biomass matrix. Unlike the lead cation, the p
ton has a small size and a high intraparticle diffus
coefficient inside the biomass.

– Phase II: during this second phase, pH was quasi-s
and lead was weakly sorbed. This process could b
lead insertion in the fungal biomass matrix or a we
sorption on the sodium sites that did not necessitate
proton release.

– Phase III: this phase was distinguished by an impor
release of protons in the lead sorption. This proces
the real adsorption reaction with establishment of lin
between the biomass binding carboxylic, polyphosph
or sulfonate sites and lead. An important quantity of p
tons was being released at the same time and bi-de
complexes were formed. The latter can be even ther
dynamically verified because bi-dentate complexes
more stable than mono-dentates[43].

– Phase IV: this extended phase was characterized
weak sorption of protons (compared to the third pha
and a more important lead uptake. Sorption was
tributed to the formation of mono-dentate complex
between binding sites and lead and to the beginnin
the micro-precipitation process on the surface of the
mass[44]. The microscopic observations (Fig. 3) and
111
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quantifications (Table 3) confirmed these assumptions.
– Phase V: during this phase, the sorption predicted from

theATO value at pH 5 was exceeded and the sorption up-
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Fig. 3. Rhizopus arrhizus photo after lead sorption using a STEM (Hig
Resolution Scanning Transmission Electron Microscope).

Table 3
STEM (EDAX) semi-quantitative results obtained by analyzingRhizopus
arrhizus after lead sorption

% Molar

P Pb

Zone I (lead micro-precipitation) 24.4 59.4
Zone II (rich in organic carbon) 10.6 43.7

take was due in its entirety to a micro-precipitation p
nomenon on the surface of the biomass (quasi-ver
slope)[45]. The release of protons was not contradict
and could be explained by the hydroxyl OH− disappear-
ance during the micro-precipitation of lead as Pb(OH2
or another hydroxyl-form involving lead. At the end
this process, the two curves (lead uptake and releas
protons) formed a plateau indicating the end of the so
tion reaction.

To confirm the establishment of binding links between fu
tional groups and lead and the assumption of lead
face micro-precipitation, two techniques were used: Infra
Spectroscopy and a High Resolution Scanning Transmis
Electron Microscopy (STEM-EDAX).

The STEM microscope photo (Fig. 3) of theR. arrhizus
biomass showed that the surface after lead sorption wa
homogeneous. Two regions could be highlighted:

The first was identified by organic matter distinguish
by the presence of the C, H, N, O elements with lead, and
second characterized by lead micro-precipitation in the p
ence of phosphorus. This result pointed up the heteroge
of the sorption process: adsorption on the organic functio
groups and lead micro-precipitation in the presence of p

phorus could occur simultaneously. Quantitatively, lead was
present in higher quantity in zones rich in phosphorus (Ta-
ble 3).
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The IR spectra of the fungus after lead sorption show
various changes: appearance or disappearance of abso
bands as compared to the fungus spectra before sorp
The corresponding functional groups were identified acc
ing to Alberts and Filip[46] and this identification was con
firmed when comparisons were made with sodium ace
lead charged glucose-6-phosphate and lead nitrate sp
The following observations were noted:

– Unchanged absorption bands at 3276 and 1631 c−1

corresponding to N–H of the amines groups and
C=O of the amides, respectively, indicating that the
groups did not participate in lead sorption.

– Decreasing peak intensity at 1710 cm−1 correspond-
ing to C=O of the protonated carboxylic acid of th
amino acid groups confirming the assumption that
carboxylic groups were involved in the lead sorptio
Nevertheless, in spite of the saturation of the total
ganic acidity at the end of titration, free carboxylic bin
ing groups remained in the biomass that did not comp
lead. This phenomenon was probably due first to g
metric and steric configuration problems preventing
contribution of all the free carboxylic binding sites pr
dicted as suitable for binding[40,47]and, second, to th
micro-precipitation phenomenon blocking the acces
free sites[48].

– Splitting of the peaks at 1544 and 1418 cm−1 (relative
to COO− groups) and the appearance of new peak
1517 and 1403 cm−1 characteristic of the COO–Pb a
sociations.

– Decreasing of the intensity of the band intensity
1154–1034 cm−1 and the appearance of a new peak
1058 cm−1 indicating the phosphorus intervention in t
lead sorption.

– Slight shifting of peaks from 726 to 708 cm−1 indicating
the intervention of sulfonates in the lead sorption.

Consequently, using the Infrared Spectroscopy and a H
Resolution Scanning Transmission Electron Microsc
(STEM-EDAX), different assumptions could be verified:

– Lead was mainly bound to carboxylic groups of the
ganic matter and less to its phosphate and sulfonate
eties.

– In spite of the increased lead uptake, higher than the
ganic total acidity when the saturation of biomass w
theoretically reached, number of free carboxylic gro
were still not complexed in the fungal biomass.

– Micro-precipitation was promoted at a lead solut
concentration less than the total organic acidity and
curred mainly in the presence of phosphate groups.
micro-precipitation phenomenon blocked the acces
111

112

free sites considered as reactive by the acid–base titra-
tion. Micro-precipitation was quickly initialized when-
ever the solution lead concentration was about 10−6 or
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10−5 M and represented more than 70% of the to
sorbed quantity.

– Lead adsorption (sensu stricto) occurred at low solution
concentrations and contributed modestly to its ove
uptake. During the experimental titration, the adsor
quantity was about 10% of the overall sorbed quanti

4. Conclusions

The newly developed titrator (acid–base and metal-ba
allowed the characterization of the sorption active sites
Rhizopus arrhizus biomass and the study of their proton a
metal affinity. This experimental approach, combined w
infrared spectroscopy, permitted to redefine the biosorp
process corresponding, in the majority cases, to the m
precipitation phenomenon: the real adsorption was ass
ated with weaker concentration ranges. This work redefi
the total organic acidity as an upper accurate limit for
sorption performance, offering a higher maximum quan
of free and available surface sites.

A continuum existed between adsorption and precip
tion. For a weak site occupation ratio, adsorption was
predominant phenomenon and as the ratio increased,
cleation occurred, aggregates were formed on the su
and micro-precipitation became the dominant mechan
Although during titration these processes were sequen
they could occur simultaneously in batches. Because o
structural and chemical heterogeneity of the fungal biom
examined, there was a continuous overlap between sor
process and micro-precipitation phenomenon.

The use of other metals such as cadmium or copper,
ing different interactions with the biomass structure beca
of their electrostatic, steric and chemical properties, co
complete and confirm the current results.
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